The binary Bi-Sn was studied by means of SEM (Scanning Electron Microscopy)/EDS (Energy-Dispersive solid state Spectrometry), DTA (Differential Thermal Analysis)/DSC (Differential Scanning Calorimetry) and RT-XRD (Room Temperature X-Ray Diffraction) in order to clarify discrepancies concerning the Bi reported solubility in (Sn). It was found that (Sn) dissolves approximately 10 wt% of Bi at the eutectic temperature.
Introduction
Health problems (especially neurological and birth malformations) may arise from an excess of lead in human bodies. The excess of lead is due to water contamination. Hence, lead was added to the list of apprehensions with the environment [1] .
The objective of COST 531 action "Lead-free Solder Materials" [2] (European Cooperation in the field of Scientific and Technical Research) is the study of systems that may be used as lead-free solders. The selection of these systems is based on technical and health considerations. The crucial technical properties to be analyzed should be: melting point, wettability, surface tension, viscosity of the liquid alloys at Bi-Sn binary system. Nagasaki and Fujita [4] experimentally defined a (Sn) solvus curve that was not in good agreement with that from Oelsen and Golücke [5] . Experimental results from Ohtani and Ishida [6] were also in contradiction with those from [4] . Nevertheless, Ohtani and Ishida [6] (contradicting their own experimental results) and Lee et al. [7] used only the experimental data from Nagasaki and Fujita [4] in their thermodynamic assessment.
Concerning Bi-Zn, there was a significant discrepancy between the (Bi) solvus estimated by Massalski [8] and that calculated by Malakhov [9] (few wt% of Zn). Thus, targeted experimental alloys were prepared to determine the solubility of Zn in (Bi).
With the aim of clarifying the above indicated aspects of the binaries and ternary, almost all of the samples were studied by SEM/EDS/WDS (Wavelength-Dispersive crystal Spectrometer), RT-XRD/HT-XRD and by DTA/DSC.
Experimental
The Bi-Sn and Bi-Sn-Zn systems were objects of two different studies. One more devoted to phase transitions as well as to temperature measurements and the other to the equilibrium study. Hence, the experimental details were different according to the objective of the study and therefore will be presented in two different sections.
Phase transitions study of the Bi-Sn system
Eight samples of ∼20 mm diameter, ∼3 mm height and weighing ∼2 g were prepared by mixing pure Bi (>99.8%) and Sn (>99.5%). The samples were then put in alumina crucibles and melted in a resistance furnace under an argon atmosphere. The nominal compositions of the samples were Bi(1 − x)Snx (x = 12.5, 23.5, 36.5, 74.5, 80.1, 84.9, 89.9 and 95.6, wt%). These were confirmed by X-ray Fluorescence (XRF) and Atomic Absorption Spectroscopy (AAS). All samples were homogenized at 120 • C for 60 min and slowly cooled down to the room temperature at a rate less than 2 • C/min.
Samples were studied by Light Optical Microscopy (LOM) and by SEM in a JEOL JSM 6301 F. The SEM is equipped with an INCA Energy 350 EDS analyzer from Oxford Instruments. A backscattered beam with 15 keV is employed. Internal standards are used for the EDS analysis. The experimental uncertainties of the chemical analysis done by EDS are: Bi ±1.2 wt% and Sn ±0.9 wt%.
The Panalytical X'Pert Pro MPD was used for RT-XRD experiments with bulk samples. CuKα or primary monochromated CuKα 1 radiations were used to collect patterns from 5 • to 120 • (2θ) with steps of 0.01 • and counting time of 10 s. The powder HT-XRD was not performed due to problems related with the samples' grinding (the apparatus used only allows powder HT-XRD).
The DTA/DSC measurements were performed on a SETARAM Labsys TG/DTA/DSC in order to establish the transition temperatures. Alumina crucibles were used and measurements were performed under flowing argon atmosphere (approximately 40 cm 3 min −1 ). Alumina also served as the reference material. Samples weighing between 0.1 and 0.2 g were measured at the heating rates of (in • C/min) 10.0, 5.0 and 2.0-2.5. Transition temperatures were found for "0 • C/min". The temperatures of the invariant phase reactions were taken from the extrapolated temperatures on the onset of heating. The liquidus curve temperatures were taken from the peaks on heating.
The global composition and homogeneity of the samples was checked by SEM/EDS, before and after the DTA/DSC experiments.
Equilibrium study of the Bi-Sn system
Five alloys have been prepared for the equilibrium study. The samples were prepared by mixing pure Bi (>99.9%) and Sn (>99.9%). The nominal compositions of the samples are Bi(1 − x)Snx (x = 50, 80, 85, 90 and 95, wt%). Samples were analyzed in a SEM from JEOL JSM 6460. The EDS is from Oxford Instruments and it is equipped with an INCA Energy and Wave. The studies were performed in the back-scattered electron mode with 20 keV. Four of the five samples were also studied by DTA/DSC in a Netzsch DTA/DSC 404. For the latter, samples weighing between 0.1 and 0.2 g were introduced into graphite crucibles. Silver was used as a reference material. The measurements were carried out under flowing argon atmosphere (approximately 40 cm 3 min −1 ).
Equilibrium study of the Bi-Zn system
The experimental effort was limited to the investigation of the discrepancies concerning the solubility limit of Zn in (Bi) between the theoretical and experimental assessments.
Two alloys were prepared, one with approximately 0.3 wt% Zn and another one with 76.2 wt% Zn. The low Zn content alloy was expected to lie in the single-phase region of the phase diagram, according to the experimental assessment. Nevertheless, according to calculations, it was expected to lie in the two-phase area.
The experimental alloys were melted under an Argon atmosphere in an ERSCEM PV 8920 spill furnace. Samples of approximately 40 g were injected into a copper mould after 20-30 s of stirring.
The low Zn content (approximately 0.3 wt%) alloy was annealed for 336 h at a temperature of 245 • C, just below the eutectic temperature of 254.5 • C. After annealing, the sample was quenched in water and observed by SEM/EDS. The morphology of the sample did not allow the measurement of the composition of the Zn-rich phase. A second alloy was prepared with composition of 23.8 wt% Bi and 76.2 wt% Zn and was therefore cast and annealed at 200 • C for 864 h. This sample was analyzed by SEM/WDS using pure Bi and Zn as standards.
Phase transitions study of the Bi-Sn-Zn system
Vertical sections for w(Bi) ∼ 10%, w(Zn) ∼ 12%, and w(Sn) ∼ 5%, 13%, 19%, 40%, 59% and 79% were chosen for this study. The corresponding 29 samples were prepared and annealed like those in Section 2.1. The samples with w(Sn) ∼ 77/81% were re-annealed for more than 180 min at 120 • C, and cooled down at a rate of 0.5 • C/min or quenched into water from 120 • C.
Samples were studied by LOM and by SEM/EDS in the same conditions as those mentioned in Section 2.1. The experimental uncertainties for the chemical analysis obtained by EDS are: Bi ±1.2 wt%, Sn ±0.9 wt% and Zn ±1.1 wt%.
Bulk RT-XRD measurements were performed to identify the present phases. For some samples, powder HT-XRD measurements were also performed, under a vacuum of 10 −5 mbar or an argon atmosphere. The furnace used is an Anton Parr Chamber applied to the Panalytical X'Pert Pro MPD (details for the XRD data collection are given in Section 2.1).
DTA/DSC measurements were performed on two heat flux instruments with the possibility of determining the latent heat: a TA Instruments SDT 2960 and a SETARAM Labsys TG/DTA/DSC (mentioned in Section 2.1). Alumina crucibles were used and the measurements were performed under flowing argon atmosphere. A graphite plate was sometimes used at the bottom of the crucible in order to improve the removal of the analyzed sample (especially in the case of those samples whose composition fell over the miscibility gap). Alumina (with a similar shape and weight as the measured samples) was used as reference. The samples were polished and cleaned just before being measured in order to improve thermal contact and to avoid spurious or shifted transition peaks due to oxidation. The heating rates mainly used were 20, 10, 5, 2.5 and/or 2.0 • C/min. Unfortunately, the lower heating rates did not allow the detection of transition temperatures (for example, in the case of liquidus surface of the miscibility gap). Consequently, it was impossible to find the transition temperatures at "0 • C/min" by a linear regression. A calibration factor:
R -heating rate in • C/min) was evaluated after performing ten calibrations with five different elements (including pure Sn and Zn). Different heating rates (from 2 to 20 • C/min) were also used for determining the coefficients b 0 , b 1 , b 2 and b 3 . The accuracy of all of the given temperatures is ±1 • C. The temperatures of the invariant phase reactions were taken from the extrapolated onset temperatures on heating. The liquidus surface temperatures were taken from the peaks on heating.
After the DTA/DSC measurements, some Bi-Sn-Zn samples were also investigated by SEM/EDS in order to check their compositions.
Equilibrium study of the Bi-Sn-Zn system
A second set of experiments were carried out in the scope of this study with the aim of reaching states close to the thermodynamic equilibrium and confirming the previous results. Seven samples with nominal compositions (ABi35Sn35Zn30, B -Bi20Sn50Zn30, C -Bi10Sn70Zn20, DBi18.5Sn45Zn36.5, E -Bi10Sn70Zn20, F -Bi60Sn30Zn10, G -Bi25Sn37.5Zn37.4 and H -Bi25Sn47.6Zn27.4, wt%) were prepared from pure Bi, Sn and Zn (Bi, Sn, Zn > 99.9%, all supplied by Alfa Aesar). The homogeneity of all samples was checked by SEM/EDS (in a JEOL JSM 6460) in the backscattered electron mode. The microstructure of the samples was, in all cases, found to be reasonably homogeneous in the whole sample volume. Slices of the samples were annealed at two selected temperatures during different intervals of time, before being quenched into cold water. The first set of alloys (A, B and C) was annealed at 100 • C. For a more detailed study and verification of the previously obtained results, a second set of alloys (D, E, F, G and H) was prepared. The annealing temperature for the second set of samples was 120 • C. SEM/EDS analysis was used to identify the coexisting phases and to measure their compositions (both overall and phase compositions).
Some of the annealed samples were also studied by DTA/DSC (in a Netzsch DTA/DSC 404). The studied samples correspond to compositions that lay in phase regions where the phase equilibria were uncertain. The latter measurements were conducted on samples weighing approximately 0.3-0.4 g, which had been sealed under vacuum in quartz crucibles. Gold was used as the reference material. A heating rate of 2.0 • C/min was employed both for calibration and measurement of the prepared samples. The temperatures of the invariant phase reactions were usually taken from the extrapolated onset on heating. The accuracy of all of the given temperatures is ±2 • C.
Results and discussion

Bi-Sn system
The DSC/DTA results obtained for the first eight samples can be seen in Table 1 . Their comparisons can be made by studying Fig. 1 . The invariant temperature measured for the binary eutectic L ↔ (Bi) + (Sn) is 138.6 ± 0.6 • C, which is in agreement with that proposed in [4, 6] .
For the equilibrium study, the results of five samples studied are summarized in Table 2 , along with the experimental uncertainties associated with the EDS work. It has been found that there are no major differences between equilibrated samples annealed at 190, 430, 600, 770, 890 and 950 h (Table 2) . Therefore, an annealing time of around 400 h is sufficient to get close to the equilibrium state. Also, no major discrepancies are found between samples heat treated with annealing times as short as 60 min at 120 • C. The annealed structures of the samples are elucidated in Fig. 2(a)-(c) . They may be viewed as two-phase structures consisting of (Bi) and (Sn), in all of the five alloys annealed at 130 • C. These results are thus consistent with the DTA/DSC results for alloys BS 2 and BS 3 ( Table 2 ).
In disagreement with what was proposed by the authors [6, 7] , results of this work point to a much lower solubility of Bi in (Sn) (approximately 10 wt% as against approximately 25 wt% [6, 7] ). On the other hand, the results presented in this paper are apparently in agreement with those proposed by Oelsen and Golücke [5] .
The DSC/DTA data obtained with the equilibrated samples, using the Netzsch DTA/DSC 404, point to slightly different solubility of Bi in (Sn) (15 wt%). There are also some discrepancies concerning the Liquid + (Sn) ↔ (Sn). This could be because of the possibility of a slight shift in the corresponding samples' composition.
The authors of the present paper gave more gravity to the data from the set of eight samples (Section 2.1), while assembling the experimental phase diagram. The DTA/DSC data for these eight samples were in agreement with the SEM/EDS and XRD results and also with the results from the ternary Bi-Sn-Zn (Section 3.3).
The microstructure of samples with w(Bi) = 74.5% and w(Sn) = 25.5%, were analyzed by SEM/EDS after being measured by DTA/DSC (and cooled down to room temperature with a rate of 5 • C/min), (Fig. 3) . As expected, it confirms the existence of a pro-eutectic and eutectic structure.
The XRD pattern from a bulk sample with w(Bi) = 4.4% and w(Sn) = 95.6%, exhibiting one-phase structure (Sn), is shown in Fig. 4 . All other samples from the binary Bi-Sn, detailed in Section 2.1, have been analyzed by RT-XRD. The presence of (Bi) confirms the results of DTA/DSC experiments (Table 1) .
Bi-Zn system
The assessment of Massalski [8] is based on existing experimental results. It indicates a significant solubility of Zn in (Bi) (few wt% of Zn). Nevertheless, the calculations carried out by [9] indicated a much lower solubility (significantly less than 1 wt%). Therefore, the experimental program is focused on the discrepancies of the solubility of the alloying elements in the relevant terminal solid solutions.
The experimental results at 245 • C confirmed the low solubility of Zn in (Bi), as the sample with low Zn content clearly exhibits a two-phase structure (Fig. 5) . The results of solubility of both the elements in the respective solid solutions, is shown in Table 3 .
Bi-Sn-Zn system
Muzaffar [3] , who thoroughly studied the system by means of thermal arrests, did not measure any point for the liquidus surface in the region of the miscibility gap (L1 + L2/Liquid). In this work, we measured the miscibility gap in the liquid phase by using DTA/DSC at heating rates of 10-20 • C/min. Fig. 4 . The XRD pattern at room temperature for a bulk sample with composition: w(Bi) = 4.4% and w(Sn) = 95.6%. This sample was the only one, studied in the Bi-Sn system, which was monophasic (Sn), at room temperature. The results, listed in Table 4 , are plotted in Figs. 6 and 7. In some cases, the cooling curve is helpful in identifying the peak corresponding to the liquidus temperature. It is difficult to find liquidus surface' peaks for samples belonging to the vertical section w(Sn) ∼ 5%, with w(Bi) ∼ 20% and 70%; which may be due to the spinodal effect. The liquidus temperatures for these two samples are shown in Table 4 but it has to be taken into account that the experimental uncertainty can be higher for these two samples than for the rest. An example of a DTA/DSC curve obtained for a sample with w(Bi) = 53.3%, w(Sn) = 4.9% and w(Zn) = 41.8% is depicted in Fig. 8 .
DTA/DSC results from equilibrated samples are in agreement with the previous ones ( Table 5 ).
The invariant temperature measured for the ternary eutectic L ↔ (Bi) + (Sn) + (Zn) is 134.1 • C ± 1.0 • C which is 4.2 • C higher than that proposed in [3] .
All samples in Table 4 have been analyzed by bulk XRD at room temperature after being annealed for 60 min at 120 • C and slowly cooled down to room temperature. All peaks were searched/matched using the ICDD PDF-2 2003 database [10] [11] [12] . The results show that all samples are homogeneous and that belong to the three-phase region (Bi) + (Sn) + (Zn) (see Fig. 9 ). Despite the fact that XRD results are in agreement with what was expected from the phase diagrams, the search/match for (Sn) indicated that its reflections are slightly shifted with respect to their position for pure Sn. This maybe due to a Table 5 Experimental results obtained from Bi-Sn-Zn alloys, annealed at 100 135  134  136  136  135  Liquidus  364  297  300  376  340  Others  174  193  168  160  168 a These values are not reliable because of the accuracy limitations of EDS and/or very small size of (Bi) or (Sn) particles in the structure. b SEM/WDS was used for the analysis of selected phases: for the "E" sample (Sn) and (Zn), and for the "F" sample (Bi) and (Sn) phases were measured (pure Bi, Sn and Zn standards were used).
c The values are not reliable because of the accuracy limitations of EDS and/or very small size of (Bi) or (Sn) particles in the structure. N/A -The values of phase compositions could not be reliably measured because of formation of a mixture of tiny (Bi) particles in (Sn) matrix (see Fig. 11 ).
distortion of the cell by the partial substitution of Sn by Zn and Bi. We could not detect a similar effect for (Bi); this is probably because the solubility of Sn in (Bi) is significantly smaller than the solubility of Bi in (Sn). In addition, the covalent radius of Bi (0.154 nm) [13] is slightly bigger than that of Sn (0.146 nm) [13] possibly increasing this effect. HT-XRD measurements were performed from 30 to 180 • C with temperature increments of 10 • C. The HT-XRD diffraction patterns can be observed in Fig. 10 . The (Sn) peaks (Fig. 9) could not be detected for temperatures higher than 120 • C because the peaks were too small due to the eutectic reaction occurring at 134 • C. An amorphous phase could be detected for higher temperatures (a halo -a curved baseline -is observed for 2θ between 20 • and 40 • ). It corresponds to the liquid phase. As expected, with the increase in the amount of liquid the concavity also increases. Special attention should be given to the behavior of the [002] plane in (Zn) (T = 30 • C, 2θ = 36.37 • ; d = 0.247 nm) slightly above the ternary eutectic reaction where the inter-atomic distance, d, slightly decreases. This is in contradiction to the expected tendency to increase with temperature probably due to the rearrangement initiated by the appearance of liquid. Table 4 lists the solubility of each element in all solid solutions measured by SEM/EDS. The temperature is considered to be less than 120 • C because samples are annealed at 120 • C for 60 min and slowly cooled down to room temperature. Fig. 11 envisages four SEM microstructures of some selected samples showing the three different phases, in accordance with the expectation.
Three samples with w(Sn) ∼ 77/81% have been subjected to two different heat treatments consisting of an annealing at 120 • C for 180 min followed by slow cooling at 0.5 • C/min and an annealing for 180 min at 120 • C, followed by water quenching. Our intention concerning the first heat treatment is to obtain phases' composition near room temperature, comparable with those already referred. For the second heat treatment, we aim at obtaining the phases' composition at 120 • C. The results show, in both cases, a similarity between phases' composition measured by EDS. This similarity could be a result of the short annealing stage, not sufficient to reach the thermodynamic equilibrium. It could also be an effect of the used cooling rate, which is not high enough to "freeze" the "high-temperature" structure. The main difference between samples annealed in different ways reflects in the grain size (Fig. 12) .
Concerning the solvus of (Bi) and (Sn), SEM/EDS results from samples which previously underwent DTA/DSC experiments, followed by cooling at a rate of 5 • C/min, are also in agreement with the above mentioned results.
As mentioned in Section 2.5, the Bi-Sn-Zn system is also an object of equilibrium study. Examples of the equilibrated samples resulting in microstructures are shown in Figs. 13(a)-(b) and 14(a)-(c) .
The results hence obtained agree with the Bi-Sn experimental results (see Section 3.1) and confirm the errors in the predicted phase boundaries. The experimental results also confirmed the observation of Malakhov [9] , that the presence of Sn increases the solubility of Zn in (Bi). This increase is significant as the value measured in the ternary alloy is several times higher than the value measured in the binary Bi-Zn system. Tables 4 and 5 list the results of DTA/DSC measurements (namely the transition temperature found for lower Bi content, corresponding to probable ternary eutectic reaction), which confirmed a much lower Bi solubility in (Sn) than previously anticipated in [6] . 3. From the ternary and binary results obtained from different techniques, it appears that the solubility of Bi in (Sn) does not surpass w(Bi) ∼ 10%, at the eutectic temperature, which is not in agreement with the assessed phase diagram in [6] . 4. Results for Bi-Zn indicate that the solubility of both elements in the respective solid solution is approximately 0.3 wt% at 200 • C as in [9] . 5. A reassessment of the Bi-Sn binary and also Bi-Sn-Zn ternary system is desirable. In a recent work of Vizdal et al. [14] , the authors of this work reassessed the Bi-Sn and the Bi-Sn-Zn systems based, among others, on the experimental results presented in this study.
